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Vision is sensitive to ﬁrst-order luminance modulations and second-order modulations of carrier contrast. Our knowledge of the
temporal properties of second-order vision is insuﬃcient and contradictory. Using temporal summation and reaction time para-
digms, we found that the type of visual noise (static or dynamic) determines the temporal properties of the responses to luminance
and contrast modulations. In the presence of static noise, the temporal responses to both types of modulation of low and higher
spatial frequencies were transient. When dynamic noise was used, the temporal responses to luminance and contrast modulations of
higher spatial frequencies were sustained. At low spatial frequency, however, luminance modulations elicited transient responses,
while contrast modulated dynamic noise produced sustained responses. The reaction times to near-threshold contrast modulations
of low spatial frequency were slower than those to ﬁrst-order patterns and they did not signiﬁcantly diﬀer at modulations of higher
spatial frequency. The results suggest that the temporal characteristics of ﬁrst-stage linear ﬁlters which feed the second-order
pathway may determine the temporal responses to contrast modulated noise.
 2003 Elsevier Science Ltd. All rights reserved.
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Our knowledge of the temporal properties of vision is
based mainly on studies of visual responses to luminance
objects presented on a blank background. Research has
shown that the responses to coarse luminance stimuli
(gratings of low spatial frequencies or large disks) are
fast and transient. Finer luminance stimuli (gratings of
higher spatial frequencies or small disks) are processed
more slowly and exhibit sustained responses, extending
for the duration of the stimulus (for review see Watson,
1986).
Information about visual objects may be also coded
by second-order modulations of carrier contrast. Lu-
minance modulations are detected by a ﬁrst-order
pathway whose linear ﬁlters signal luminance excur-
sions from the mean background luminance level.
These ﬁlters, however, are not sensitive to contrast* Corresponding author. Tel.: +44-141-331-8204; fax: +44-141-331-
3387.
E-mail address: vma@gcal.ac.uk (V. Manahilov).
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doi:10.1016/S0042-6989(03)00275-Xmodulations of a carrier. Psychophysical and electro-
physiological studies of motion and pattern process-
ing have suggested that second-order patterns are
processed by a distinct non-linear pathway (Cavanagh
& Mather, 1989; Chubb & Sperling, 1988; Derrington,
Badcock, & Henning, 1993; Ledgeway & Smith,
1994; Lu & Sperling, 1995; Schoﬁeld & Georgeson,
1999; Wilson, Ferrera, & Yo, 1992; Zhou & Baker,
1993).
Several studies compared the temporal characteristics
of ﬁrst- and second-order vision in order to determine
how the visual system processes these two types of in-
formation. Using a static noise carrier, Lu and Sperling
(1995) found that the temporal sensitivity functions for
motion direction discrimination of luminance gratings
and contrast modulated noise of 2.5 c/deg had a similar
shape. Using data from a pedestal motion transparency
test and a relative phase dependence test, they concluded
that these two types of motion information are pro-
cessed by two diﬀerent fast motion-detection pathways.
Schoﬁeld and Georgeson (2000) studied two-pulse
summation and temporal integration of luminance andserved.
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the temporal impulse responses to both luminance and
contrast modulations of dynamic noise were mono-
phasic with a similar time course suggesting that the
second-order pathway is not especially slower compared
to the ﬁrst-order pathway.
On the other hand, some authors have argued that
the temporal resolution of the second-order motion
pathway is much lower than the temporal resolution of
the ﬁrst-order motion pathway. Derrington et al. (1993)
established that second-order motion required longer
stimulus durations than luminance motion. Smith and
Ledgeway (1998) found low-pass temporal frequency
sensitivity functions for second-order motion stimuli
which declined rapidly at higher frequencies and band-
pass temporal frequency sensitivity functions for ﬁrst-
order stimuli which dropped less steeply at high
frequencies.
Our knowledge of the temporal responses to sec-
ond-order noise modulations is contradictory and
restricted to a limited range of modulation spatial
frequencies. The present study was aimed at exploring
the temporal properties of the second-order modula-
tions of a wider range of spatial frequencies (0.5–7 c/
deg). Because the temporal characteristic of the carrier
might be an important factor determining the tem-
poral properties of the second-order pathway, as the
data of Smith and Ledgeway (1998) suggest, we used
two types of carrier: 2D binary static and dynamic
noises. We studied the temporal responses to second-
order modulations of noise carrier and the temporal
responses to luminance modulations in the absence
and presence of noise. The responses to these three
types of stimuli were compared in order to separate
the eﬀects due to the type of modulations from the
eﬀects due to the presence of noise carrier (Schoﬁeld
& Georgeson, 2000). Additionally, we obtained new
information about ﬁrst-order vision in the presence of
visual noise.
In the present study we measured the threshold for
detection of ﬁrst- and second-order modulations as a
function of stimulus duration. Threshold-duration
functions provide the simplest and most direct way of
demonstrating the transient and sustained types of
the temporal response (Legge, 1978). We derived the
temporal impulse response from the threshold-dura-
tion data using a probability summation model of
temporal vision (Watson, 1979). In order to validate
this approach, we compared the temporal frequency
functions calculated by Fourier transform of the esti-
mated impulse responses and directly measured tem-
poral frequency sensitivity functions. We also applied
the reaction time method originally described by
Tolhurst (1975) to evaluate the time course of the
responses to threshold ﬁrst- and second-order pat-
terns.2. Methods
2.1. Apparatus
The stimuli were generated by a PC (Pentium 3, Hi-
Grade Computers Plc) on a 19 in. RGB monitor (Vision
Master Pro 450, Iiyama Electronics America, Inc.) dri-
ven by a graphics board (Mirage Illusionist 3D, Mirage
Multimedia systems, Inc.) whose screen resolution was
640 · 480 pixels. A monochrome signal of 4096 intensity
levels (12 bits) was obtained by using a video summation
device which combined the red, green and 1/64 attenu-
ated blue outputs from the graphics board according to
Pelli and Zhang (1991). The stimulus images were gen-
erated using a 256-colour look-up table by a programme
written in Borland Pascal 7.0 for MSDOS.
2.2. Stimuli
Three stimulus types were used:
(i) Vertical luminance grating having spatial frequency
fx, contrast l, and mean luminance I0 : Iðx; yÞ ¼
I0½1þ l sinð2pxfxÞ;
(ii) Luminance modulated noise: grating added to
2D binary noise Nðx; yÞ with contrast n : Iðx; yÞ ¼
I0½1þ nNðx; yÞ þ l sinð2pxfxÞ;
(iii) Contrast modulated noise: 2D binary noise carrier
Nðx; yÞ modulated by a vertical grating: Iðx; yÞ ¼
I0½1þ nNðx; yÞð1þ m sinð2pxfxÞÞ, where m is the
modulation depth of the second-order signal,
nNðx; yÞ is the carrier signal and mnNðx; yÞ
sinð2pxfxÞ is the side-band signal which repre-
sents the multiple side-band components due to
the multiplication a noise sample by a modulat-
ing sinusoidal signal (Schoﬁeld & Georgeson,
1999).
The contrast modulated stimuli were composed by
presenting the noise and side-band signals in alternative
frames at a monitor frame rate of 120 Hz (60 Hz per
complete image). When dynamic noise was presented,
the noise samples were selected randomly from a set of
16 noise samples. Noise samples were updated every
other monitor frame (frequency of 60 Hz) and matched
only within pairs of monitor frames. Thus, for a com-
plete image of 16.6 ms (two monitor frames of 8.3-ms
duration), the noise sample was the same for the side-
band signal (presented in the ﬁrst monitor frame) and
the carrier (presented in the second monitor frame).
Diﬀerent sets of noise samples were used in every ex-
perimental session. The same frame-interleave method
was employed in the case of luminance modulations
embedded in noise, however, noise and luminance im-
ages were presented in alternative frames. The contrast
of the stimuli, used in this study, denotes the eﬀective
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gratings was randomized from trial to trial.
The use of the frame-interleave method is based on
the assumption that the visual system integrates over at
least two frames in order to generate a stable contrast or
luminance modulated noise. Schoﬁeld and Georgeson
(2000) compared thresholds for detection of contrast
and luminance modulations generated by two ways:
using a similar frame-interleave method and combining
noise and side-band signals without frame interleaving.
They found similar thresholds which implies that the
interleaving method is an appropriate way for generat-
ing contrast and luminance modulations.
The viewing distance was 171 cm. The mean lumi-
nance of the monitor was 30 cd/m2. The stimuli had a
circular form (diameter of 8). The stimulus contrast in
the surrounding annulus was damped by a cosine
function (half-period of 1). The screen pixel size was 1
min of arc. The noise pixel size was 2 · 2 min of arc in
the main experiments and 8 · 8 min of arc in a control
experiment. The r.m.s. contrast of the binary noise was
0.4. In a control experiment we used high-pass-ﬁltered
noise whose r.m.s. contrast was 0.2. The high-pass-
ﬁltered noise samples were produced by ﬁltering 2D
binary noise images using conventional Fourier ﬁltering
techniques.
2.3. Procedures
Detection thresholds for all stimulus types were
measured using a staircase method and a 2IFC proce-
dure designed to determine 79% correct responses (Le-
vitt, 1970). Each trial consisted of two 2000-ms intervals
which were marked by a tone and separated by a 500-ms
gap (mean luminance). One of the intervals, randomly
selected, contained a signal; the other interval had no
signal. The observers task was to identify the interval
that contained the signal by pressing one of two buttons.
Each staircase started at a suprathreshold contrast level
of the signal with a contrast step of 0.2 log units. After
each staircase reversal, the step size was halved and this
process continued until the step size became 0.05 log
units. The subsequent eight staircase reversals were
collected and the threshold measure was the geometric
mean of these estimates. The mean values of the
threshold contrasts for every experimental condition
were calculated by averaging data collected in three
experimental sessions.
In the case of noiseless luminance gratings, the
background of both 2000-ms intervals was the homo-
geneous screen of mean luminance. When the signal was
luminance or contrast modulations of noise, noise im-
ages were displayed throughout each 2000-ms interval
with abrupt onsets and oﬀsets. In the temporal-sum-
mation experiment, the signal was displayed in a rect-
angular temporal window which started 500 ms after theonset of the 2000-ms signal interval. In diﬀerent sessions
the signal duration varied from 16 to 1066 ms. In the
temporal frequency sensitivity experiment, a counter-
phase ﬂickering signal was displayed during the 2000-ms
signal interval. The signal contrast was smoothed on
and oﬀ by half a cosine cycle lasting 200 ms and dis-
played at the full contrast during the central 1600 ms.
In a control experiment, we measured the contrast
threshold for discrimination of the orientation of the
modulating signal using the 2IFC technique. Both in-
tervals contained modulations: one of the intervals,
randomly selected, displayed a vertical modulating
grating, while the other interval contained a horizontal
modulating signal. The observers task was to identify
the interval that contained the vertical signal.
Reaction times were measured using the method de-
scribed by Tolhurst (1975). Two signal durations were
used: 500 and 1000 ms. In each experimental session all
the signals had the same duration and their contrast was
0.05 log units below the threshold contrast for detection
of the 500-ms signal estimated by the staircase method.
Each trial started with a tone followed by a random
foreperiod of 500–1000 ms. Thereafter, the signal was
presented followed by a 1000-ms post-signal interval.
When reaction times to luminance and contrast modu-
lations were measured, noise images were shown
throughout the foreperiod, the signal interval and the
post-signal interval. In the case of luminance gratings,
the signal was presented on a background of homoge-
neous screen. The observers task was to press a key as
soon as the signal was detected. Two hundred stimuli
were presented for each experimental condition. Twenty
percent of the trials (catch trials) did not contain the
modulating signal in order to test whether the observer
was guessing about the presence of the signal. The mean
frequency of false alarms for the two observers tested
was 4.5% of the catch trials.
2.4. Calibration
Detection of contrast modulated binary broadband
noise could be mediated by local luminance changes due
to several non-linearities:
(i) Monitors gamma non-linearity. The luminance re-
sponse of the display was measured by an OptiCal
photometer (Cambridge Research System Ltd.)
interfaced to the PC. The monitor luminance was
linearized by using the inverse function of the non-
linear luminance response when computing the
stimulus images. The calibration was veriﬁed every
few weeks.
(ii) Adjacent pixel non-linearity (Klein, Hu, & Carney,
1996). First-order artifacts in contrast modulations
of noise could be introduced due to the dependence
of the luminance of a given pixel on the preceding
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measured the mean luminance of horizontal and
vertical square-wave gratings whose half period
consisted of diﬀerent element sizes and contrast lev-
els. The sensor of the photometer was positioned 2
cm from the screen. The eﬀective diameter of the
sensor was 5 cm and the test area consisted of about
100 pixels. We found that the mean luminance of
horizontal and vertical gratings whose half period
contained two and more screen pixels did not vary
signiﬁcantly as a function of grating contrast up to
0.95 implying no signiﬁcant adjacent pixel non-
linearity. Thus, a noise resolution of at least 2 · 2
screen pixels was used in this study.
(iii) Clumping eﬀects of like-valued noise pixels (Der-
rington & Cox, 1998; Smith & Ledgeway, 1997).
These eﬀects could introduce ﬁrst-order artifacts
in contrast modulated noise especially when the
noise is static. Our stimuli had four or more noise
elements per period of the signal modulation. Scho-
ﬁeld and Georgeson (1999) showed that when the
period of the modulating signal consists of at least
four noise pixels, the clumping eﬀect for static con-
trast modulated patterns is very low.
(iv) An early non-linearity preceding the linear ﬁlters
could give rise to ﬁrst-order distortion products at
the modulation frequency of a second-order pattern
(Henning, Hertz, & Broadbent, 1975). Psychophys-
ical results have shown that such distortion in-
creases as the square of the carrier contrast. By
using noise having a contrast of 0.4, luminance ar-
tifacts due to an early retinal non-linearity would be
relatively small and hence not likely to have a sig-
niﬁcant eﬀect on the detection of contrast modula-
tions (Scott-Samuel & Georgeson, 1999).
2.5. Observers
Three observers took part in the main experiment:
two of the authors (JC and VM) and another experi-
enced psychophysical observer (KF) who was not aware
of the purpose of the experiments. The observers JC and
VM took part in the reaction time experiment. All ob-
servers had normal or corrected-to-normal visual acuity
and viewed the screen binocularly with natural pupils.3. Modelling
We have used a model for contrast detection that
consists of a linear temporal ﬁlter whose output is per-
turbed by noise followed by a threshold device (Burr &
Morrone, 1993; Watson, 1979). The linear ﬁlter has an
impulse temporal response with excitatory and inhibi-
tory components, each a approximated by a cascaded
low-pass leaky integrator (Watson, 1986):hðtÞ ¼ AfuðtÞ½s1ðn1 	 1Þ!	1ðt=s1Þn1	1 expð	t=s1Þ
	 KuðtÞ½s2ðn2 	 1Þ!	1ðt=s2Þn2	1 expð	t=s2Þg; ð1Þ
where uðtÞ is the unit step function, s1 and s2 are the time
constants of the two components, n1 and n2 are the
number of the cascaded low-pass stages of each compo-
nent, A is a sensitivity factor and K is a transience factor.
According to probability summation concept, the
threshold contrast can be deﬁned by the Quick formula:
C ¼ 1
½R R f ðt 	 sÞhðsÞds bdt1=b
; ð2Þ
where f ðtÞ is the temporal envelope of the modulating
signal and b is the slope of the psychometric function.
Eq. (2) was applied in its discrete form with a time in-
terval between samples of 1 ms which is suﬃciently
shorter than the duration of the stimuli. In the model
calculations we assumed that n1 ¼ 9, n2 ¼ 10, which
were successfully used by Watson (1986). The data from
the staircases for each experimental condition were ex-
pressed as percent correct at each contrast level. These
psychometric functions were ﬁtted by a Weibull function
using a maximum likelihood procedure (Watson, 1979).
The mean value and 95% conﬁdence interval of the slope
of the psychometric functions across observers and ex-
perimental conditions was 3.8 ± 0.5 which corresponds
to estimates of the exponent b (2.5–7) by others (Wat-
son, 1979, 1986). Using n1, n2, A and K as free param-
eters and a least-squares technique, the shape of the
impulse response was adjusted to produce a good ﬁt to
the temporal summation data.
The goodness of ﬁt of the curves calculated by Eq. (2)
to the temporal summation data was estimated by an R2
statistic which is the proportion of the variance ac-
counted for by the ﬁt, adjusted by the number of free
parameters (Judd & McClelland, 1989). The adjusted R2
value was calculated as follows:
R2 ¼ 1	
Pn
i¼1ðlogCi 	 logCi estÞ2=ðn	 kÞPn
i¼1ðlogCi 	 CaveÞ2=ðn	 1Þ
;
where Ci refers to the data, Ci est denotes the model
calculations producing the best ﬁt to the experimental
data, k is the number of free parameters, n is the number
of data points and
Cave ¼ n	1
Xn
i¼1
logCi:
4. Results
4.1. Temporal summation of luminance gratings without
external noise
Fig. 1 shows threshold contrast versus signal duration
for the three observers tested. The threshold-duration
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Fig. 1. Mean threshold contrast as a function of stimulus duration.
The modulating signals are of 0.5 c/deg (upper graphs), 2 c/deg (middle
graphs) and 7 c/deg (lower graphs). Circles denote data for luminance
gratings (L), squares––luminance gratings embedded in noise (LM),
diamonds––contrast modulated noise (CM). Filled symbols illustrate
data obtained in the presence of dynamic noise, empty symbols––in the
presence of static noise. Lines are the predictions of the probability
summation model obtained by ﬁtting of Eq. (2) to the data points.
Vertical bars show 95% conﬁdence intervals. Data for three observers
are shown.
(a)
(b)
(c)
Fig. 2. Temporal impulse responses producing the best ﬁt to the ex-
perimental data shown in Fig. 1. Thick black lines illustrate the tem-
poral impulse responses in the presence of dynamic noise, thin black
lines––in the presence of static noise, grey lines––without noise.
V. Manahilov et al. / Vision Research 43 (2003) 1855–1867 1859functions were of two types. Noiseless gratings whose
spatial frequency was 0.5 c/deg exhibited a ‘‘transient’’
threshold-duration function: the threshold showed an
initial steep decline and then approached a constant
value independently of the signal duration (Fig. 1a,
circles). The threshold-duration functions for luminance
gratings of 2 and 7 c/deg were ‘‘sustained’’: the initial
steep decrease of the threshold was followed by a shal-
lower secondary decline as signal duration increased
(Fig. 1b and c, circles).
We ﬁtted the data points by Eq. (2) using the method
of least squares. The grey lines in Fig. 1 show the ﬁtted
curves. The estimated temporal impulse responses to
0.5-c/deg gratings (L) were bi-phasic indicating that the
responses are dominantly transient (Fig. 2a, grey
curves). The calculated temporal impulse responses to
gratings of higher spatial frequencies were mono-phasicwhich is a characteristic of sustained responses (Fig. 2b
and c, grey curves). It should be noted that the sec-
ondary decline of the sustained threshold-duration
functions is proportional to 	1=b on a log–log plot
(Legge, 1978; Watson, 1979). We found that the mean
value and 95% conﬁdence interval of b, averaged across
the observers and the experimental conditions produc-
ing sustained responses, was 3.5 ± 0.5, which is close to
the value of 3.8 we used in the model calculations.4.2. Temporal summation of luminance gratings embed-
ded in noise
We established that the threshold for detection of
luminance modulations of 0.5, 2 and 7 c/deg embedded
in static noise was independent of signal duration after
an initial drop (Fig. 1 LM, empty squares). The tem-
poral impulse responses to these stimuli were bi-phasic
1860 V. Manahilov et al. / Vision Research 43 (2003) 1855–1867indicating transient temporal responses (Fig. 2 LM, thin
curves).
Dynamic noise did not alter the shape of the thresh-
old-duration functions (Fig. 1 LM, ﬁlled squares) when
compared with the no-noise condition. Stimuli of low
spatial frequency embedded in dynamic noise exhibited
transient threshold-duration functions. The calculated
temporal impulse responses were bi-phasic (Fig. 2a, LM,
thick curves). The threshold-duration functions for
higher spatial frequencies were sustained. For these
stimuli, the estimated temporal impulse responses were
mono-phasic (Fig. 2b and c, LM, thick curves).4.3. Temporal summation of contrast modulated noise
Contrast modulated static noise of low and higher
spatial frequencies exhibited transient threshold-dura-
tion functions (Fig. 1, CM, empty diamonds) and the
calculated temporal impulse responses were bi-phasic
(Fig. 2 CM, thin curves). When the carrier was dynamic
noise, the threshold-duration functions for low and
higher spatial frequencies were sustained (Fig. 1, CM,
ﬁlled diamonds) and the temporal impulse responses
had a mono-phasic form (Fig. 2 CM, thick curves).
Table 1 shows the averaged best-ﬁtting values of the
parameters of the impulse responses for the three ob-
servers. It should be noted that the transience factors (K)
were zero for the stimuli whose impulse responses had a
mono-phasic waveform. Its values were close to unity
for bi-phasic impulse responses. The mean adjusted R2
value and the 95% conﬁdence interval across the
observers and the experimental conditions were
0.95 ± 0.04. The lowest value of 0.90 was obtained withTable 1
Best-ﬁtting values of the parameters of the impulse response deﬁned by Eq.
Stimulus Noise A s1 (ms) s2 (ms)
0.5 c/deg
L 638± 25 7.4± 1.0 9.5± 0.5
LM Static 671± 70 5.5± 0.2 6.9± 0.1
CM Static 107± 8 9.8± 1.0 10.8± 0.2
LM Dynamic 370± 52 8.1± 0.5 10.4± 0.8
CM Dynamic 10± 1 6.2± 0.6 –
2 c/deg
L 325± 40 5.8± 0.6 –
LM Static 340± 60 5.1± 0.8 6.4± 0.5
CM Static 21± 3 5.8± 0.2 8.1± 0.2
LM Dynamic 98± 12 5.8± 0.2 –
CM Dynamic 8± 1 5.3± 0.3 –
7 c/deg
L 150± 40 6.9± 0.9 –
LM Static 64± 12 6.1± 0.7 7.7± 1.0
CM Static 51± 16 7.2± 0.3 8.3± 0.7
LM Dynamic 52± 14 7.0± 0.6 –
CM Dynamic 3± 1 6.7± 0.3 –
A is a sensitivity factor, s1 and s2 are time constants, K is a transience factor; A
R2 is the adjusted variance. Averaged estimates and SE for three observers.7-c/deg contrast modulations of dynamic noise, proba-
bly because the threshold-duration functions for these
stimuli consisted only of 5 data points.
The half-amplitude width of the positive lobe of the
impulse responses to luminance gratings is slightly
broader as the spatial frequency increases. Using a re-
peated measure analysis of variance, we found that this
eﬀect was not signiﬁcant.
For each carrier (static and dynamic noise) and each
spatial frequency (0.5, 2 and 7 c/deg) we compared the
half-amplitude widths of the impulse responses to ﬁrst-
and second-order modulations (Table 1), using a re-
peated measure analysis of variance. Post-hoc multiple
comparison tests with a Bonferroni correction of the
probability values revealed that the positive lobes of the
impulse responses to second-order modulations were
signiﬁcantly (p < 0:05) wider than the positive lobes of
the impulse responses to ﬁrst-order modulations only
for 0.5-c/deg modulations of static noise.4.4. Temporal frequency functions in visual noise
The symbols in Fig. 3 denote contrast sensitivity to 2-
c/deg modulating signals for the three observers as a
function of temporal frequency. The sensitivity function
for luminance gratings was low-pass (Fig. 3 L, circles).
Similar functions were obtained for luminance gratings
in dynamic noise and contrast modulated dynamic noise
(Fig. 3 LM, ﬁlled squares and CM, ﬁlled diamonds).
The sensitivity functions in the presence of static noise
were band-pass (Fig. 3 LM, empty squares and CM,
empty diamonds). Fig. 3 also shows that the temporal
frequency functions (Fig. 3, lines) calculated by taking(1)
K A0:5 (ms) R2
1.0 ± 0.02 35.3± 3.3 0.964± 0.012
1.0 ± 0.01 27.3± 0.7 0.965± 0.027
0.9 ± 0.07 42.7± 0.7 0.923± 0.023
0.8 ± 0.08 41.3± 2.4 0.957± 0.017
0 42.7± 3.3 0.984± 0.004
0 41.3± 3.7 0.982± 0.007
1.0 ± 0.01 25.3± 2.4 0.920± 0.020
0.9 ± 0.05 29.3± 1.8 0.930± 0.010
0 40.0± 1.2 0.955± 0.006
0 38.0± 2.0 0.976± 0.005
0 44.7± 3.7 0.982± 0.014
0.9 ± 0.06 30.0± 2.3 0.947± 0.025
0.9 ± 0.08 34.0± 2.0 0.944± 0.003
0 44.2± 1.3 0.976± 0.012
0 42.0± 3.5 0.905± 0.023
0:5 is the width of the temporal impulse response at half-amplitude and
Fig. 4. Reaction times to gratings (a), luminance gratings embedded in
dynamic (b) and static (d) noise and contrast modulated dynamic (c)
and static (e) noise. The spatial frequency of the modulating signal was
0.5 c/deg. Empty and grey bars show the histograms for detection of
500- and 1000-ms stimuli, respectively. Numbers in graph (c) denote
the probability of detecting the 500-ms stimulus (italic numbers), the
probability of detecting the 1000-ms stimulus (bold numbers) and the
predicted probability of detecting the longer stimulus (bold numbers in
parentheses) calculated by Eq. (2). Numbers in graphs (a), (b), (d) and
(e) illustrate the frequency of detection of the stimulus onset and oﬀset
of the short (italic numbers) and long (bold numbers) duration. Data
for one observer (VM) are shown.
Fig. 3. Contrast sensitivity to signals of 2 c/deg as a function of
temporal frequency. Lines show temporal frequency functions calcu-
lated by Fourier transform of the temporal impulse functions shown in
Fig. 2. The other designations are as in Fig. 1.
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modulating signals of 2 c/deg are close to the measured
contrast sensitivity functions. The mean adjusted R2
value and the 95% conﬁdence interval across the
observers and the experimental conditions were
0.90 ± 0.05. It should be noted that these predictions
were obtained without additional free parameters.
4.5. Reaction times to near-threshold luminance and
contrast modulated noise
We employed the method proposed by Tolhurst
(1975) to reveal the type of the step responses to stimuli
used in the previous experiment. We measured reaction
times for the detection of long-lasting luminance grat-
ings and luminance and contrast modulated noise at
near-threshold contrast levels. Figs. 4 and 5 show data
from one observer; the other observer produced similar
results. Fig. 4 represents the distributions of reaction
times to 0.5-c/deg stimuli whose duration was 500 ms
(empty bars) and 1000 ms (grey bars). The reaction time
distributions for luminance gratings (Fig. 4a), luminance
gratings in dynamic (Fig. 4b) and static noise (Fig. 4d)
and contrast modulations of static noise (Fig. 4e) were
bimodal. They were clustered after the stimulus onsetsand oﬀsets. The detection frequencies in the onset and
oﬀset peaks for both durations remained similar. As the
duration increased from 500 to 1000 ms, only the oﬀset
peaks shifted approximately by 500 ms. The lack of
probability summation and the bimodal distributions of
the reaction times suggest transient type responses.
Fig. 6. Mean reaction times to near-threshold stimuli of 0.5 (upper
graphs) and 7 c/deg (lower graphs). Filled bars––data for gratings
without noise; empty bars––data for static noise; grey bars––data for
dynamic noise,  above pairs of bars indicates that these data are
signiﬁcantly diﬀerent. Vertical bars show 95% conﬁdence intervals.
Data for two observers.
 
 
Fig. 5. Reaction times to stimuli of 7 c/deg. The other designations are
as in Fig. 4.
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1000-ms contrast modulations of dynamic noise (Fig.
4c) were similar for the ﬁrst 800 ms. The histograms for
the longer stimulus had a longer tail as compared to
those for the shorter stimulus. These observations were
quantiﬁed by the increased frequency for detection of
1000-ms stimuli (Fig. 4c, bold numbers) as compared to
the frequency for detection of 500-ms stimuli (Fig. 4c,
italic numbers). The results show the presence of prob-
ability summation: the longer the stimuli, the greater the
chance that threshold will be exceeded. The frequency
for detection of a longer stimulus (P1000) can be predicted
if the detection frequency of the shorter stimulus (P500) is
known (Tolhurst, 1975):
P1000 ¼ 1	 ð1	 P500Þn; ð3Þwhere n is the ratio between the durations of the longer
and shorter stimuli (n ¼ 2).
The predicted detection frequencies (shown in pa-
rentheses in Fig. 4c) are close to the experimentally es-
timated values. These results demonstrate that 0.5-c/deg
contrast modulations of dynamic noise elicit sustained
type responses.
When the modulating spatial frequency was 7 c/deg,
the reaction times to luminance gratings (Fig. 5a) and
luminance (Fig. 5b) and contrast modulated dynamic
noise (Fig. 5c) revealed sustained type response. When
the noise was static, the reaction times for both lumi-
nance and contrast modulated stimuli had bimodal
transient distributions (Fig. 5d and e).
Fig. 6 shows the mean reaction times to 500-ms
stimuli for both observers tested. For transient type
distributions, the mean values were calculated only for
the clusters after the stimulus onset. It should be noted
that the standard deviations of the reaction times to
diﬀerent types of stimuli were similar. Reaction time
distributions cannot be regarded as samples from a
Gaussian distribution. Therefore, we performed a two-
independent-samples test, using the non-parametric
Mann–Whitney test, to compare the reaction times to
ﬁrst- and second-order modulations for each observer
tested, each carrier (static and dynamic noise) and each
spatial frequency tested (0.5 and 7 c/deg). There were
eight paired comparisons and we used a Bonferroni
-1
0
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-2
-1
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-2
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Fig. 7. Mean threshold contrast as a function of stimulus duration: (a)
grey diamonds––data for detection of contrast modulations of high-
pass ﬁltered noise; empty diamonds––threshold contrasts for detection
of horizontal and vertical contrast modulations of broadband binary
noise; crosses––threshold contrasts for discrimination between verti-
cally and horizontally oriented contrast modulations. The modulation
spatial frequency was 2 c/deg; (b) threshold contrasts for orientation
discrimination of luminance modulations (squares) and contrast
modulations (diamonds) of dynamic noises whose pixel size was 2 · 2
min of arc (ﬁlled symbols) and 8· 8 min of arc (empty symbols). The
modulation spatial frequency was 0.5 c/deg. Data for two observers.
The other designations are as in Fig. 1.
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p ¼ 0:05. Thus, the minimum signiﬁcance level was
p ¼ 0:0062 (0.05/8¼ 0.0062). We found that only for
0.5-c/deg modulations of static noise and dynamic noise
the reaction times to second-order patterns were slower
than those to ﬁrst-order stimuli (p < 0:001). The detec-
tion frequencies in the onset peaks for these stimuli were
similar. The false alarm rate was low (4.5%) and did not
depend signiﬁcantly on the stimulus type. Therefore, the
observed diﬀerences could be attributed to diﬀerences in
the response speed rather than to diﬀerent levels of de-
tectability or speed-accuracy trade-oﬀ.
4.6. Control experiments
4.6.1. High-pass-ﬁltered static noise
The eﬀect of clumps in contrast modulated static
noise is a possible source of ﬁrst-order artifacts (Der-
rington & Cox, 1998; Smith & Ledgeway, 1997, 1998).
According to the sign and magnitude of the local im-
balance between light and dark noise pixels, contrast
modulated static noise may contain patches of diﬀerent
sizes, amplitudes and polarities. Such luminance arti-
facts might dominate the detection of second-order
structures. We found that the temporal responses to
second-order modulations of static noise were transient
resembling the transient temporal responses to lumi-
nance modulations of 0.5–7 c/deg. In order to test the
possibility that ﬁrst-order artifacts might determine the
transient type responses to contrast modulations of
static noise, we used high-pass-ﬁltered static noise car-
riers in which the clumping eﬀects are reduced (Smith &
Ledgeway, 1997). We measured the threshold for de-
tection of contrast modulated high-pass-ﬁltered static
noise of 2 c/deg. The spatial frequency components
below 6 c/deg of the binary static-noise carrier were re-
moved by 2D high-pass ﬁltering. We found that the
threshold-duration curves (Fig. 7a, grey diamonds) were
transient, similar to those obtained by broadband static
noise (Fig. 1b, empty diamonds). It should be noted that
the thresholds to contrast modulations of high-pass-
ﬁltered static noise were higher compared to those in
broadband static noise carrier, probably because the
r.m.s. contrast of the ﬁrst carrier was lower than the
r.m.s. contrast of the second carrier. The results seem to
suggest that the transient type of the responses to con-
trast modulations of static broadband noise could not
be explained by local ﬁrst-order artifacts due to
clumping eﬀects.
4.6.2. Detection and orientation discrimination visual
tasks
We used a second test to determine whether the ob-
servers use local ﬁrst-order artifacts in the detection of
contrast modulations. If the observers detected contrast
modulations by ﬁrst-order mechanisms which respondto luminance increments and decrements over small
image areas, their detection thresholds would be lower
than the thresholds for recognising the spatial structure
of the modulating signal. We measured detection
thresholds for vertical or horizontal 2-c/deg contrast
modulations of static noise and thresholds for discrim-
ination between horizontally and vertically oriented
contrast modulations of the same spatial frequency. The
thresholds were measured in separate sessions using the
staircase method and the 2IFC procedure. Using
ANOVA, we found that the thresholds for detection of
horizontal and vertical contrast modulations were not
signiﬁcantly diﬀerent. Fig. 7a represents the averaged
contrast thresholds for detection of horizontal and ver-
tical contrast modulations (empty diamonds) and con-
trast thresholds for orientation discrimination (crosses).
We did not ﬁnd signiﬁcant diﬀerences between the
contrast thresholds for detection and orientation dis-
crimination. This suggests that the performance in de-
tection of second-order modulations is determined by
the modulation envelope.
4.6.3. Eﬀects of noise pixel size
In the experiments reported so far we have used 2D
broadband noise (pixel size of 2 · 2 min of arc) whose
spatial frequency spectrum could be regarded as white
with a cut-oﬀ (Nyquist) frequency of 15 c/deg (wave-
length of 0.066). Such a noise would have diﬀerent
masking eﬀects to low and higher modulation spatial fre-
quencies. In order to test whether the spatial frequency
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responses to luminance and contrast modulations, we
used noise whose pixel size was increased from 2 · 2 to
8 · 8 min of arc. Increasing noise pixel size enhances the
noise spectral density at lower spatial frequencies and
reduces the noise cut-oﬀ frequency (Nyquist frequency
of 3.75 c/deg; wavelength of 0.266). This would give
rise to local luminance artifacts. We used dynamic noise
and an orientation discrimination task in order to re-
duce the eﬀects of these artifacts on the detectability
of contrast modulations. The results showed that the
thresholds for 0.5 c/deg luminance modulations of large
sized noise (Fig. 7b, empty squares) were signiﬁ-
cantly higher than the thresholds in the presence of
small sized noise (Fig. 7b, ﬁlled squares) (ANOVA, JC:
F ð1; 6Þ ¼ 14:560, p ¼ 0:002; VM: F ð1; 6Þ ¼ 11:456,
p ¼ 0:005). The threshold-duration functions for both
types of noises were transient. The result for contrast
modulations, however, was diﬀerent. We did not ﬁnd a
signiﬁcant eﬀect of the noise pixel size on the thresholds
for contrast modulations (Fig. 7b, empty and ﬁlled di-
amonds).5. Discussion
In the present study we evaluated the temporal visual
responses to ﬁrst- and second-order patterns by mea-
suring the contrast threshold as a function of stimulus
duration. Threshold-duration functions have usually
been regarded as incapable of determining the temporal
characteristics of the visual system (Norman & Gallistel,
1978; Sperling, 1979; Watson, 1986). Indeed, the critical
duration estimated by bi-linear regression ﬁt seems to be
an inadequate measure of the temporal response because
this approach is biased by the range of durations tested
and the choice of points ﬁtted to the two linear segments
(Georgeson, 1987; Gorea & Tyler, 1986; Watson, 1986).
We derived the temporal impulse responses from the
temporal-summation data by means of a probability
summation model for contrast detection of temporal
events assuming that the temporal impulse response
could be described by Eq. (1) (Watson, 1979, 1986). The
half-amplitude width of the positive lobe of the impulse
response is associated with sensitivity attenuation at
high temporal frequency. We found that this index of
temporal resolution for noiseless gratings was not sig-
niﬁcantly diﬀerent as the spatial frequency increased
which corresponds to observations by others (George-
son, 1987; Gorea & Tyler, 1986). We also showed that
the calculated temporal frequency functions for 2-c/deg
patterns by means of Fourier transform of the estimated
impulse responses were close to the directly measured
temporal frequency sensitivity functions (Fig. 3). These
results validate the method used in the present study forevaluation of the temporal characteristics of the visual
system.
In accordance with previous studies (Breitmeyer &
Ganz, 1977; Burr & Morrone, 1993; Legge, 1978), we
found that in the absence of external noise the visual
responses to 0.5-c/deg luminance gratings were transient
and gratings of 2 and 7 c/deg elicited sustained re-
sponses. These ﬁndings are usually accounted for by the
existence of two types of mechanisms with diﬀerent
spatial and temporal characteristics (Keesey, 1972; Ku-
likowski & Tolhurst, 1973; Legge, 1978; Tolhurst, 1973,
1975). Transient mechanisms operate at low spatial
frequencies and higher temporal frequencies. They re-
spond transiently only to the stimulus onset and oﬀset.
Sustained mechanisms are activated by stimuli of higher
spatial frequencies and low temporal frequencies. Their
responses are extended for the duration of the stimulus.5.1. Temporal responses to luminance gratings embedded
in visual noise
The results have revealed that static noise transforms
the temporal responses to gratings of higher spatial
frequencies from sustained to transient. The transient
temporal response to 7-c/deg gratings embedded in static
noise was illustrated by the bimodal distributions of
reaction times which were clustered after the stimulus
onset and oﬀset and further, the detection frequencies
remained similar as the duration increased from 500 to
1000 ms.
These ﬁndings could be explained by contrast mask-
ing which is usually accounted for by a decrease in the
eﬀective gain of the early visual stages (Legge & Foley,
1980). Static 2D binary noise consists of all spatial fre-
quencies and zero temporal frequency. The retinal im-
ages of static noise samples are constantly in motion due
to involuntary eye movements. They are, however, un-
likely to evoke neural responses with signiﬁcant high
temporal frequency components. The sustained mecha-
nisms are sensitive to higher spatial frequencies and low
temporal frequencies. Therefore, static noise could pre-
dominantly mask the sustained mechanisms and the
detection performance would be dominated by transient
mechanisms.
Dynamic noise elevated the thresholds for detection
of luminance gratings but did not alter the type of the
temporal responses: transient at 0.5 c/deg and sustained
at 2 and 7 c/deg. Dynamic noise had stronger masking
eﬀect than static noise on the thresholds for detection of
0.5- and 2-c/deg luminance modulations of short dura-
tions. The thresholds for detection of prolonged gratings
of 2 and 7 c/deg embedded in dynamic noise, however,
were lower than those in the presence of static noise.
These results suggest that the temporal integration of
gratings of higher spatial frequencies makes the dynamic
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mechanisms.
In addition to contrast masking, visual noise impairs
visual performance due to an increased variance of
neuronal activity at diﬀerent levels of visual information
processing (Pelli, 1990). Burgess and Colborne (1988)
have shown that high-contrast external noise induces an
internal noise component that is proportional to image
noise and the detectability of a signal is largely deter-
mined by the induced internal noise. They measured the
observer variability by determining the probability of
agreement between the responses on two sets of noisy
signal trials and suggested that the induced internal
noise could be due to ﬂuctuations of decision variable.
The induced internal noise would also contribute to the
threshold elevation in the presence of external noise but
further studies employing the equivalent noise approach
are necessary to determine how the induced internal
noise depends on temporal summation.
It should be noted that the independence of detection
threshold from signal duration in the presence of ex-
ternal static noise has previously been reported (Rov-
amo, Kukkonen, Tiippana, & Nasanen, 1993), but was
not regarded as evidence that the visual system responds
transiently. Our reaction time experiment, however, has
clearly shown that the distribution of the reaction times
to ﬁne gratings in static noise is bimodal which is a
characteristic of transient responses.
5.2. Temporal responses to contrast modulations of visual
noise
We have found that the carrier type (static or dy-
namic noise) is an important factor in determining the
temporal properties of the responses to contrast modu-
lations. For contrast modulations of low and higher
spatial frequencies, the temporal responses to second-
order modulations of static noise were transient, while
second-order modulations of dynamic noise produced
sustained responses.
These ﬁndings could be explained by a model which
assumes that contrast modulations are processed by a
second-order pathway involving early ﬁrst-stage linear
ﬁlters followed by a non-linearity and a second stage of
linear ﬁltering (Chubb & Sperling, 1988; Wilson et al.,
1992). Information about contrast modulations of visual
noise is carried by carrier components whose spatial
frequencies are higher than the modulation spatial fre-
quency. Some studies have led to the idea that the sec-
ond-stage linear ﬁlters utilise the outputs of ﬁrst-stage
ﬁlters tuned to carrier spatial frequencies 8 to 16 times
higher than the modulation spatial frequency (Sutter,
Sperling, & Chubb, 1995). Other studies have shown
that the second-stage ﬁlters receive broad spatially tuned
inputs and there is no ﬁxed relationship between the
spatial frequencies of the ﬁrst-stage ﬁlters and the sec-ond-stage ﬁlters (Dakin & Mareschal, 2000; Jamar &
Koenderink, 1985). The temporal characteristics of the
second-order pathway could be determined by the
temporal characteristics of its ﬁrst-stage ﬁlters which are
sensitive to higher spatial frequencies than the modula-
tion spatial frequency (Schoﬁeld & Georgeson, 2000).
We found that in the presence of dynamic noise, the
responses to luminance modulations of higher spatial
frequencies were sustained (Fig. 1b and c, ﬁlled squares).
At low spatial frequency, the temporal responses to lu-
minance modulations were transient while those to
contrast modulations were sustained. These results
suggest that the sustained nature of the temporal re-
sponses to contrast modulations of low and higher
spatial frequencies (Fig. 1, ﬁlled diamonds) could be due
to the sustained temporal responses of ﬁrst-stage linear
ﬁlters which convey information about noise compo-
nents of higher spatial frequencies.
Additionally, the noise pixel size had a signiﬁcant
eﬀect on the detectability of luminance modulations
(Rovamo & Kukkonen, 1996), but did not alter the
thresholds and the sustained type of the responses to
contrast modulations. Because of clumping eﬀects, noise
samples having a narrower spatial frequency spectrum
contain more luminance artifacts compared to noise
samples having a wider spatial frequency spectrum. The
increased masking eﬀects on the threshold for luminance
modulations of dynamic noise of larger pixel size might
be ascribed to the presence of such luminance artifacts.
In an orientation discrimination task, however, the
performance of the second-order pathway is based on a
property of the modulation envelope and this pathway
seems to be less sensitive to luminance artifacts. The lack
of masking eﬀects on the second-order pathway suggests
that the ﬁrst-stage linear ﬁlters of this pathway seem to
be broadly tuned to spatial frequencies which are not
higher than eight times the modulation spatial frequency
(the Nyquist frequency of noise samples having pixel
size of 8 · 8 min of arc is 3.75 c/deg).
In the presence of static noise, the responses to lu-
minance modulations of higher spatial frequencies (at
least up to 7 c/deg) were transient (Fig. 1b and c, empty
squares). The responses to contrast modulations of low
and higher spatial frequencies (Fig. 1, empty diamonds)
were also transient. These ﬁndings are in line with the
suggestion that the temporal properties of the second-
order pathway might be determined by the temporal
properties of its ﬁrst-stage ﬁlters which are sensitive to
higher spatial frequencies than the modulation spatial
frequency. We found that the thresholds for detection of
vertical or horizontal luminance modulations of static
noise and the thresholds for discriminating the orienta-
tion of the modulating envelope were similar. This
suggests that the detection of contrast modulations is
based on detection of the modulation envelope, rather
than detection on local luminance artifacts.
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about diﬀerences between the temporal properties of the
ﬁrst- and second-order pathways. For near-threshold
modulations of 0.5 c/deg, the reaction times to second-
order patterns were slower than those to ﬁrst-order
patterns. These results indicate that the response speed
of the second-order pathway might be determined by
slower ﬁrst-stage ﬁlters which are sensitive to luminance
modulations of higher spatial frequencies. The presence
of an additional non-linear stage in the second-order
pathway could contribute also to the slower response
speed to contrast modulations of low spatial frequen-
cies. It should be noted that for 0.5-c/deg modulations of
static noise, the positive lobe of the impulse responses to
second-order modulations was signiﬁcantly wider than
the positive lobe of the impulse responses to ﬁrst-order
modulations. On the other hand, the response speed
diﬀerence between both pathways seems to diminish at
higher modulating spatial frequencies, because we found
that the response speeds to ﬁrst- and second-order near-
threshold modulations of 7 c/deg were not signiﬁcantly
diﬀerent. Similar results were recently reported for ﬁrst-
and second-order modulations of dynamic noise whose
modulating contrasts were four times above the corre-
sponding detection thresholds (Manahilov, Calvert, &
Simpson, 2001). Under these conditions, the reaction
times for detection and orientation discrimination of
contrast modulations of 0.5 c/deg were signiﬁcantly
longer than the reaction times for detection of lumi-
nance modulated noise and they were approximately the
same at higher spatial frequencies (1, 2 and 4 c/deg).
5.3. Relation to other studies of second-order vision
Smith and Ledgeway (1998) have suggested that the
temporal responses to drifting contrast modulations are
much slower than those to ﬁrst-order motion. Using a
dynamic noise carrier, they found that the thresholds for
discrimination of motion direction of contrast modula-
tions were higher than the thresholds for orientation
discrimination. This result was regarded as evidence that
motion is detected by a true second-order pathway.
When the carrier was static noise, the thresholds for
discrimination of grating orientation and motion direc-
tion of contrast modulations were very similar. This
result was attributed to local ﬁrst-order artifacts that
arise from the use of static noise. For second-order
motion, the temporal frequency sensitivity functions
were low-pass and declined rapidly at higher frequen-
cies. For ﬁrst-order motion, the temporal frequency
sensitivity functions peaked at medium drift temporal
frequencies and declined less steeply at high temporal
frequencies.
It is possible, however, that second-order form and
motion perceptions are based on diﬀerent mechanisms
(Smith & Ledgeway, 1998). Benton and Johnston (1997)have shown that contrast modulations of dynamic noise
contain a higher level of motion direction noise than
contrast modulations of static noise. They suggested
that the increased motion direction noise could explain
the higher thresholds in a direction discrimination task
as compared to an orientation discrimination task. In
the experiments of Smith and Ledgeway (1998), ﬁrst-
order artifacts of static noise are not likely to determine
the thresholds for orientation discrimination of contrast
modulations because discrimination of orientation is
based on a property of the modulation envelope. Their
results are in accordance with our ﬁndings that the
temporal frequency functions for 2-c/deg contrast
modulations of static noise are band-pass, while in dy-
namic noise these functions are low-pass. These diﬀerent
temporal frequency sensitivity functions, however, could
be explained by the diﬀerent temporal properties of the
second-order pathway: transient in the presence of static
noise and sustained in the presence of dynamic noise.
Our results for modulations of 2 c/deg are in line with
the data reported by Schoﬁeld and Georgeson (2000)
who used a dynamic noise carrier and established that
the temporal impulse responses to both luminance and
contrast modulations of 2 c/deg were mono-phasic with
a similar time course. These data correspond also to the
data of Lu and Sperling (1995) who used static noise
carrier and found that the temporal sensitivity functions
for motion direction discrimination of luminance grat-
ings and contrast modulations of 2.5 c/deg had a similar
shape.
In summary, the results have shown that the type of
visual noise (static or dynamic) is an important factor
determining the nature of the temporal responses to
luminance and contrast modulations. The data pre-
sented here suggest that the temporal properties of the
non-linear second-order pathway are determined by the
temporal properties of its ﬁrst-stage linear ﬁlters that are
sensitive to higher spatial frequencies than the modula-
tion spatial frequency.Acknowledgements
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